Metallothioneins (MTs) as reactive oxygen species (ROS) scavengers play important roles in stress response and heavy metal homeostasis. In Hevea brasiliensis (the para rubber tree that is the source of commercial natural rubber) and in other trees, the functions of MTs are not well understood. Latex exudes when the rubber tree is tapped. The flow of latex and its regeneration can be enhanced by tapping, wounding and ethylene treatment, all of which produce ROS as a by-product. Here, we show the presence of four MT genes in H. brasiliensis, comprising three Type 2 (HbMT2, -2a and -2b) and one Type 3 (HbMT3L) isoforms, representing one of the smallest MT gene families among angiosperms. The four HbMTs exhibited distinct tissue expression patterns: HbMT2 and HbMT3L mainly in leaves, HbMT2a specifically in flowers and HbMT2b in diverse tissues. The expression of HbMT2b, an isoform present in latex, decreased significantly in the latex following the stress-inducing treatments of tapping, wounding and ethephon (an ethylene generator). The expressions of the leaf-abundant isoforms, HbMT2 and -3L were up-regulated following pathogenic fungus infection and high-temperature stress, but down-regulated by low-temperature stress. These reactions were consistent with multiple defense-and hormone-responsive cis-acting elements in the HbMT promoters. Nine transcription factors were shown to implicate in the high-temperature responsiveness of HbMT2 and -3L in leaves. Overexpression of HbMT2 in Escherichia coli enhanced the bacterium's tolerance to heavy metals and ROS, consistent with its predicted role as an ROS scavenger. Taken together, our results, along with other relevant studies, suggest an important role of HbMTs in latex regeneration as well as species adaptation via the regulation of ROS homeostasis.
Introduction
Metallothioneins (MTs), a class of small (7-10 kDa), cysteine (Cys)-rich and metal-binding proteins, play important roles in maintaining metal ion homeostasis, ameliorating metal toxicity and protecting against intracellular oxidative damages (Hamer2011) . The four MT types in Arabidopsis display tissue-specific expression patterns: Type 1 in roots, Type 2 in leaves, Type 3 in ripening fruits or leaves and Type 4 in developing seeds (Ledger and Gardner 1994 , Zhou and Goldsbrough 1994 , Hsieh et al. 1995 , 1996 . Further studies reveal complicated tissueand cell-specific expressions for this gene family in Arabidopsis (Guo et al. 2003 , Winter et al. 2007 ). In recent years, the complex characteristics of MT expression are becoming clearer from studies on their responses to both environmental cues and developmental processes (Leszczyszyn et al. 2013 , Benatti et al. 2014 , Barbosa et al. 2016 .
In animals and fungi, the functions of MTs are associated with metal homeostasis, metal detoxification and tolerance to oxidative stress (Lanfranco et al. 2002 , Mattie and Freedman 2004 , Tucker et al. 2004 , Zatta et al. 2005 , Stankovic et al. 2007 ). On the other hand, the functions of MTs in plants are less well understood, although similar functions have been assigned to them (Leszczyszyn et al. 2013 ). More multifaceted roles for plant MTs as compared with their animal counterparts have been suggested from the results of an increasing number of studies, although conclusive evidence is still awaited in many cases (Benatti et al. 2014) . In past research, informative data regarding physiological functions of plant MTs have mainly been derived from the studies of RNA blotting, semiquantitative and quantitative reverse transcriptase PCR, expressed sequence tags, reporter gene assays and ectopic expressions (Zhou and Goldsbrough 1994 , Cobbett and Goldsbrough 2002 , Leszczyszyn et al. 2013 ). The results obtained suggest multiple roles of plant MTs in heavy metal tolerance and phytoremediation, metal homeostasis, biotic and abiotic stresses, as well as in growth and development (Zhou and Goldsbrough 1994) . More recently, the participation of MTs in copper (Cu) homeostasis and distribution in Arabidopsis was unequivocally demonstrated by analyzing the T-DNA insertion mutants generated for four of the five MT genes expressed in vegetative tissues (Benatti et al. 2014) .
Data on plant MT genes are most commonly available from herbaceous species, especially the model plant Arabidopsis, but rarely from tree species (Leszczyszyn et al. 2013) . Moreover, entire MT gene families have been explored in only a limited number of plant species (Leszczyszyn et al. 2013 , Tomas et al. 2015 . With the entire genomic sequences of more and more plants being available, it is possible to examine MT genes across the entire genome of a wide range of plant species. The knowledge thus acquired will facilitate a deeper understanding of this important gene family in the plant kingdom.
Hevea brasiliensis (the para rubber tree, hereafter Hevea) is an economically important tropical tree species cultivated for its production of natural rubber, an essential industrial raw material (Cornish 2001) . Increasing natural rubber demand has expanded Hevea cultivation to the marginal subtropics, where Hevea growth, development and its rubber production suffer seriously from various biotic and abiotic stresses, especially fungal leaf diseases (e.g., the Corynespora leaf fall) and low-temperature injury (Sookmark et al. 2002 , Venkatachalam et al. 2009 , Gebelin et al. 2013 , Ahrends et al. 2015 . The method of rubber harvesting by tapping inflicts an artificial wounding stress on Hevea. Rubber is contained in the latex exuded from the tapped tree. Following tapping, reactive oxygen species (ROS) are generated as a defense response to the wounding incurred and the necessity of regenerating the lost latex (D'Auzac et al. 1997 , Ko et al. 2003 , Duan et al. 2010 , Zhang et al. 2016 . Given the importance of plant MTs in various stress responses (Xue et al. 2009 , Leszczyszyn et al. 2013 , Kim et al. 2014 ), a study was undertaken to investigate the functions of Hevea MTs (HbMTs), with special attention to latex loss through tapping and its subsequent regeneration. The HbMT genes were isolated, and examined for their patterns of expression in response to biotic and abiotic stresses, including the treatments of tapping and ethylene that both stimulate latex production (Tang et al. 2010) . Finally, HbMTs were expressed in Escherichia coli to evaluate their roles in conferring tolerance against heavy metals and ROS. It is expected that our results reported here will provide clues to the functions of MTs not only in Hevea, but also in other plants.
Materials and methods

Plant materials, growth conditions and treatments
Hevea trees used in this study were of the cultivar Reyan7-33-97 grown (19.546N and 109.475E) at the experimental plantation of the Rubber Research Institute, Chinese Academy of Tropical Agricultural Sciences (Danzhou, Hainan, China) unless otherwise stated. The trees had been regularly tapped for 3 years on a half spiral cut every third day. Six Hevea tissues, viz. latex, bark, leaf, male flower, female flower and seed, were collected to analyze the tissue-specific expression of HbMTs. The same type of trees was used to study HbMT expression following treatment with ethephon (an ethylene-releasing compound). Ethephon at a final concentration of 1.5% in 1% (w/w) carboxyl methyl cellulose were painted on the tapping panel with 1.5 g per tree at 0 h, 3 h, 12 h or 24 h before tapping of four batches of five trees as described previously (Tang et al. 2010) . To study the effects of tapping and bark wounding on expression of HbMTs in the latex, 8-year-old Reyan7-33-97 previously untapped trees were treated as described previously (Tang et al. 2010) . To examine the effects of the leaf fall due to pathogen infection on HbMT expression, the leaves of 6-month-old tissue-cultured juvenile Reyan7-33-97 plants were inoculated with the pathogenic fungus Corynespora cassiicola HccYN57 at 0 h, 12 h, 24 h, 48 h, 3d and 5d before sampling (Liang et al. 2014) . For abiotic stress treatment, the same type of Hevea plants were first transferred to a greenhouse for 2 days under a semi-controlled environment at temperatures of 22-35°C and relative humidities of 75-90%, and then subjected to low (4°C) and high (45°C) temperature treatments for different durations as described earlier (Xiao et al. 2014) . Leaves were collected from the stressed plants at each time point for RNA extraction, with unstressed plants used as controls.
RNA and DNA extraction
Total RNA of Hevea tissues except the latex was extracted using the RNAplant Plus reagent (BioTeke, Beijing, China). RNA from the latex was extracted as previously described (Tang et al. 2007 ). Synthesis of cDNA was carried out using the RevertAid TM First Strand cDNA Synthesis Kit (Fermentas Canada
Inc., Burlington, ON). Genomic DNA was extracted from leaves using and the CTAB method (Allen and Fuller 2006) .
Isolation of full-length MT cDNAs
The published MT sequences of Arabidopsis Goldsbrough 1995, Cobbett and Goldsbrough 2002) , rice (Oryza sativa) (Zhou et al. 2006) and Ricinus communis (Leszczyszyn et al. 2013) were used in the BLAST search of the collective transcript database established in our group for the isolation of full-length cDNA sequences of four HbMTs. Gene identification was confirmed by RT-PCR using the primers listed in Table 1 and subsequent DNA sequencing. Metallothionein proteins from Arabidopsis, rice and Hevea were used as query sequences to identify the MT gene families in other sequenced plant species as had been done for the rubber elongation factor (REF)/small rubber particle protein (SRPP) family previously (Tang et al. 2016 ).
Multiple sequence alignment and bioinformatics analysis
The cDNA sequences obtained were submitted to the National Center for Biotechnology Information (NCBI) database. The amino acid sequences of the four HbMTs and MTs from other plant species were aligned with Quick Alignment method (Wilbur and Lipman 1983) by the DNAMAN software. Phylogenetic trees were constructed by MEGA6.0 using the neighbor-joining method. The molecular weights and theoretical isoelectric points of the HbMTs were calculated using ProtParam (http://www.expasy.ch/ tools/protparam.html). The exon-intron structures of the MT genes were analyzed by the web server GSDS (http://gsds.cbi. pku.edu.cn/) based on the comparison of cDNA sequences with their genomic DNA sequences.
To characterize the HbMT promoters, 1500 bp genomic sequences upstream of the translational initiation codon ATG of the respective HbMT genes downloaded from the published Hevea genomes (Tang et al. 2016 , Pootakham et al. 2017 were used to search the PLACE database (http://www.dna.affrc.go.jp/htdocs/PLACE/) (Higo et al. 1999) and Plantcare (http://bioinformatics.psb.ugent.be/ webtools/plantcare/html/) for cis-acting regulatory elements.
Expression of transcription factors in response to high-temperature treatment
To identify high-temperature-responsive transcription factor (TF) genes in Hevea leaves, two RNA-Seq libraries were constructed from 3 μg of total RNA extracted from the leaves treated for 0 h and 12 h, respectively, at 45°C, using the Illumina TruSeq Stranded mRNA kit (Illumina Inc., San Diego, CA, USA) according to the manufacturer's instructions. Then, quality of the libraries was assessed on Agilent Bioanalyzer 2100 system. Paired-end sequencing (2 × 150 bp) was performed on the HiSeq2000 Illumina platform. As a result, a total of 48,395,720 and 50,926,247 clean reads were obtained for the 0 h and 12 h libraries, respectively. All TF genes identified in the Hevea genome (Tang et al. 2016) were investigated for their RPKM (Reads Per Kilobase per Million) values between the two libraries. The genes with RPKM values of >10 in any of the two libraries and >2-fold changes between the two libraries were regarded as the TFs involved in high-temperature response.
HbMT expression in E. coli
The coding region of HbMTs were amplified by PCR with the following primer pairs (EcoRI and XhoI restriction enzyme recognition sites underlined): 5′-CGCGAATTCATGTCTTGCTGCGGTGGAAA-3′ (F) and 5′-CCCCTCGAGTCATTTGCAGTTGCATGGATC-3′ (R) for HbMT2, 5′-CGCGAATTCATGTCTTGCTGCGGAGGAAA-3′ (F) and 5′-CCCCTCGAGTCATTTGCAGTTGCATGGAT-3′ (R) for HbMT2a, 5′-CGCGAATTCATGTCTTGCTGCGGAGGAAA-3′ (F) and 5′-CCCCTCGAGTCACTTGCAGTTGCATGGATC-3′ (R) for HbMT2b, and 5′-CGCGAATTCATGTCAAGCACCTGCGGC-3′ (F) and 5′-CCC CTCGAGTTAGTGACCACAAGTGCAGTTAGTGC-3′ (R) for HbMT3L. The PCR products were digested with EcoRI and XhoI, inserted into the expression vector pET-28a (+) (Novagen, Madison, WI), and confirmed by DNA sequencing. Escherichia coli expression of recombinant proteins was induced with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) at 37°C for 6 h, and the proteins were identified by SDS-PAGE according to the method of Laemmli (1970) . Table 1 . Primer sequences used in this study.
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To investigate abiotic stress tolerance of transformed E. coli BL21, bacterial growth was compared between the strains harboring pET-28a-HbMTs and those containing the blank vector alone. An overnight culture of E. coli cells was diluted 100-fold in fresh LB medium supplemented with 50 µg ml −1 kanamycin, and grown to an OD600 of about 0.3. IPTG was then added to a final concentration of 1 mM as well as 500 µM ZnCl 2 , 500 µM CuCl 2 , 500 mM NaCl or 1 mM H 2 O 2 . Bacterial growth was monitored by measuring OD 600 after incubation at 28°C for 1, 3, 5, 7 and 9 h.
qPCR analysis
To determine the most suitable reference gene(s) for quantitative reverse transcriptase PCR (qPCR) analysis in Hevea leaves subjected to low/high-temperature treatment, five candidate reference genes, eIF1Aa, RH8, FP, UBC2a and UBC2b, were selected according to our previous results (Li et al. 2011) , and subjected to further screening. The primers and other related information of these candidate reference genes are listed in Table S1 available as Supplementary Data at Tree Physiology Online). The quantification cycle values were converted into relative quantities via the delta-Cq method (Livak and Schmittgen 2001) . After collecting and converting the quantification cycle data (Cq), GeNorm (Vandesompele et al. 2002) was used to determine expression stability of the reference genes. In other cases of qPCR analysis, reference genes were chosen as reported earlier (Li et al. 2011 ). All qPCR primers were synthesized by Invitrogen China (Shanghai, China). The qPCR was run on a Bio-Rad CFX Real Time Thermal Cycler (Bio-Rad Laboratories, Inc., California, USA) using the SYBR ® Premix Ex Taq™ II (Perfect Real Time) (Takara, Dalian, China). The PCR and amplification conditions were as previously described (Tang et al. 2010) . The quantification cycle values were obtained using the LightCycler Relative Quantification Software 4.05, and PCR efficicency and correlation coefficients were estimated from the standard curve. The relative expression levels of the genes were calculated as described (Vandesompele et al. 2002) .
Statistical analysis
Statistical analysis was conducted using SPSS 16.0. Values are presented as the means ± standard errors (SE) of three independent biological replicates. Different letters ascribed to the means indicate significant differences (P < 0.05) determined by a one-way analysis of variance.
Results
An overview of the Hevea MTs (HbMTs)
To gain insight into the MT gene family in Hevea (HbMTs), we first screened the Hevea transcriptome database using the MT homologs from R. communis, Arabidopsis thaliana and Oryza sativa as query sequences. From this, we identified four distinct MT isoforms, which were confirmed by PCR amplification and sequencing. A BLAST search of our recently released Hevea genome sequence (Tang et al. 2016) revealed that the four HbMTs represented the whole MT gene family in this tree species. Sequence comparison revealed that three of them corresponded to HbMTs that were previously reported (HbMT2, FJ229481; HbMT2a, HQ687666) (Zhu et al. 2010 , Li et al. 2015 or GenBank registered (HbMT3L, HM178927). The fourth was closely related to HbMT2 and HbMT2a with >77% sequence identity at the amino acid level ( Figure 1A ), and we thus named it HbMT2b (GenBank acc. no. KX242338). The four HbMT cDNAs were predicted to encode proteins of 66-79 amino acids with molecular masses of 6.8-7.9 kDa, and theoretical isoelectric points between 5.08 and 5.16 (Table 2 ). All four HbMT proteins contain Cys-rich signature motifs, but the overall amino acid sequence identities vary substantially between individual pairs of sequences, from 87.34% to 25.32%. The contents of Cys residues for the four HbMTs are from 15% to 18% ( Table 2 ), values that are much lower than those in mammalian MTs (~30%) but comparable to those of other plant MTs (12-20%) (Zhou et al. 2006 ). HbMT2, HbMT2a and HbMT2b retain the hallmarks of Type 2 plant MT proteins (Cobbett and Goldsbrough 2002) . They contain 14 Cys residues that are separated into two Cys-rich domains by a Cys-free spacer of~40 amino acid residues, with 8 in the N-terminus and 6 in the C-terminus ( Figure 1A ). HbMT3L has 10 Cys residues, with 4 in the Nterminus and 6 in the C-terminus ( Figure 1A ), characteristic of a typical Type 3 plant MT protein (Cobbett and Goldsbrough 2002) . Metallothionein genes possess relatively simple genomic structures and have a very striking bimodal distribution of introns, with Types 2 to 4 containing two introns and Type 1 a single intron (Zhou et al. 2006 ). All four HbMTs are consistent in having two introns in their coding sequence regions ( Figure 1B ). The four HbMTs are grouped into Type 2 (HbMT2, -2a and -2b) and Type 3 (HbMT3L) plant MT proteins in accordance with their Arabidopsis homologs ( Figure 1C ).
Expression of HbMTs in different tissues
Tissue expression patterns of HbMTs in six Hevea tissues, latex, bark, leaf, male flower, female flower and seed, were determined. The four HbMT genes showed distinct patterns of tissue expression (Figure 2A ). HbMT2 was expressed in all the six tissues examined while HbMT2a showed a flower-specific expression, with transcripts detected mainly in both male and female flowers but hardly in the other tissues. HbMT2b exhibited relatively universal expression, although with higher transcripts observed in bark and male flowers. Expression of HbMT3L was more active in the leaves, with virtually no expression in the latex and bark. Transcripts of the four HbMTs were further compared in the latex and leaves. HbMT2 and HbMT2b were the major MT isoforms in the latex ( Figure 2B ) but in leaves, HbMT3L was the predominant MT isoform ( Figure 2C ).
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Expression of HbMTs in response to tapping, wounding and ethylene
Tapping produces a wounding effect and a sink effect resulting from the exudation of latex (D'Auzac et al. 1997) . When tapping is initiated in previously untapped trees, the latex yield rises in the initial few successive tappings in response to a stimulatory effect (Tang et al. 2010) . In the present study, latex from the five consecutive tappings of previously untapped trees showed dissimilar changes in HbMT expression between the two major isoforms in the latex. As shown in Figure 3A , expression of HbMT2 was upregulated whereas that of HbMT2b was down-regulated by tapping. Bark wounding alone (without latex exudation) depressed expression in HbMT2b expression ( Figure 3B ) as tapping did ( Figure 3A) , suggesting the contribution of wounding to the tapping effect. Interestingly, bark wounding also depressed the expressions of HbMT2 in the latex ( Figure 3B ), contrasting with the stimulatory effect of tapping. Given the importance of ethylene in plant defense responses (Bleecker and Kende 2000, Zhu 2002) , and its stimulating effect on latex production that is essentially a defense response (Duan et al. 2010) , bark treatments of regularly tapped Hevea trees with ethephon (2-chloroethylphosphonic acid, an ethylene generator) were conducted to explore its effect on HbMT2 and HbMT2b expressions in the latex. As shown in Figure 3C , HbMT2b expression was depressed significantly by the treatment of ethephon, whereas HbMT2 expression was affected to a much lesser extent.
Expression of HbMTs in response to pathogenic fungus infection and temperature stress
Corynespora leaf fall disease caused by the fungus C. cassiicola is one of the most serious diseases afflicting Hevea trees in major rubber-producing countries (Ismail and Jeyanayagi 1999) . To explore the expressional response of HbMTs to Corynespora infection, leaves of young Hevea plants were inoculated with a pathogenic C. cassiicola isolate HccYN57. As shown in Figure 4A , expression of the two leaf-abundant HbMTs (HbMT2 and HbMT3L) in leaves was depressed at the early stages of Corynespora infection (12-24 h), but enhanced at later stages of infection (HbMT2, after 48 h; HbMT3L, after 24 h). To determine the effect of temperature stresses on HbMTs expressions by qPCR, expression stability of candidate reference genes was first explored. Under high-temperature stress (45°C), RH8 and UBC2b were the most stable genes, and FP the least (see Figure S1A available as Supplementary Data at Tree Physiology Online). Under Tree Physiology Online at http://www.treephys.oxfordjournals.org low-temperature stress (4°C), UBC2a and EIF1Aa were the most stable genes, and FP the least (see Figure S1B available as Supplementary Data at Tree Physiology Online). The determined stable references were then exploited in the qPCR analysis of temperature stress treatments. The results showed that high-temperature treatment significantly up-regulated the expression of the two leafabundant HbMTs (HbMT2 and HbMT3L) in leaves ( Figure 4B ), whereas low-temperature treatment markedly down-regulated the expression of both HbMT genes ( Figure 4C ).
Cis-acting elements predicted in the HbMTs promoters
The regulation of HbMTs expressions by various stress treatments observed above (Figures 3 and 4) prompted us to investigate the cis-acting regulatory elements harbored by the promoters of HbMTs. The 1500-bp-long genomic fragments of HbMT genes upstream of the initiation codon 'ATG' were subjected to in silico cis-elements analysis. Seventeen cis-acting regulatory elements implicated in stress and hormone responses were identified in the upstream sequences analyzed for the four HbMT genes (see Table S2 available as Supplementary Data at Tree Physiology Online). The cis-elements were configured in different combinations in the HbMT promoters ( Figure 5 ) and they could be associated with some of the HbMT expression patterns observed in Figures 3  and 4 . For example, one fungal elicitor responsiveness (Box-W1) and three heat stress responsiveness (HSEs) elements were found in the HbMT3L promoter ( Figure 5 ).
Transcription factors implicated in high-temperature responsiveness of HbMT2 and -3L
To consolidate the functions of cis-acting regulatory elements in HbMT2 and -3L promoters ( Figure 5 ) with their expressions, we set out to determine whether there exists corresponding transcription factors (TFs) that show coexpression with HbMT2 and -3L under high-temperature treatment ( Figure 4B ). RNA-Seq transcriptome profiling was perfomed to screen TFs responsive to hightemperature treatment in Hevea leaves. About 50 million clean reads were obtained for each of the two leaf libraries of Hevea seedlings treated at 45°C for 0 h and 12 h. As shown by RNAseq analysis (data not shown), 65 genes of 22 TF families showed >2-fold expressional change after high-temperature treatment. Of these TF genes, 20 from six families (bZIP, NAC, MYB, ERF, ARF and HSF) (see Table S3 available as Supplementary Data at Tree Physiology Online) were singled out according to the types of cis-acting elements harbored in HbMT2 and -3L promoters ( Figure 5 ) and the literature regarding the functions of TFs in various stresses (Rizhsky et al. 2004 , Gao et al. 2008 , Nakashima et al. 2012 , Scharf et al. 2012 , and subjected further to qPCR analysis (see Table S4 available as Supplementary Data at Tree Physiology Online). As shown in Figure 6 , of the 20 TF genes examined, 17 were markedly up-regulated by high-temperature treatment. Under low-temperature treatment, eight of the nine genes from four TF families (bZIP, NAC, MYB and ARF) were significantly down-regulated ( Figure 7A , B, D and E). In contrast, 8 of the 11 genes from the other two TF families (ERF and HSF) Figure 4 . Effect of pathogenic fungus infection and temperature stress on the expressions of HbMT genes in Hevea leaves. qPCR was conducted to determine the expressions of the two leaf-abundant HbMT genes, HbMT2 and HbMT3L, in leaves in response to inoculation of C. cassiicola HccYN57, a pathogenic isolate causing leaf fall (A), hightemperature (45°C) treatment (B) and low-temperature (4°C) treatment (C). Results are the means of three independent biological replicates ± SE. Different letters indicate a significant difference (P < 0.05) in one-way analysis of variance. Tree Physiology Online at http://www.treephys.oxfordjournals.org
( Figure 7C and F) were up-regulated, resembling their response to high-temperature treatment ( Figure 6C and F). These results together pointed to nine TFs, i.e., bZIP1, bZIP2, NAC2, MYB1, MYB2, ARF1, ARF2, HSF1 and HSF6, as possible participants in high-temperature responsiveness of HbMT2 and -3L although more work is needed to confirm their direct binding to relevant cis-elements in HbMT2 and -3L promoters.
Overexpression of HbMTs in E. coli
To further explore the functions of the four HbMTs, especially in relation to heavy metal and ROS tolerance, recombinant HbMT proteins were expressed in E. coli as fusions with the tag peptide of His.Tag-thrombin recognition site-T7.Tag ( Figure 8A ). Under normal growth conditions, bacterial strain expressing HbMT2 fusion grew faster than all other bacterial strains expressing either the other three HbMT fusions or the tag pepetide alone (control) ( Figure 8B ). When grown in the presence of 500 µM of heavy metals (copper and zinc), although growth of all bacterial strains was repressed greatly, bacterial strain expressing HbMT2 fusion exhibited better growth than all other strains after 3 h of incubation ( Figure 8C and D) . With treatment of 1 mM H 2 O 2 , the bacterial strain expressing HbMT2 fusion was affected little in growth, but growth of all other bacterial strains either expressing the other three HbMT fusions or the tag peptide were severly retarded ( Figure 8E ). However, all recombinant HbMT proteins were not advantageous to E. coli growth in the presence 500 mM of NaCl ( Figure 8F ).
Discussion
HbMTs represents one of the smallest MT gene families among angiosperms
Genome-wide screening that has been undertaken to date for MT genes in plant species has generally turned up small gene families. For example, Arabidopsis (Cobbett and Goldsbrough 2002 , Guo et al. 2003 , Benatti et al. 2014 , rice (Zhou et al. 2006 ) and sunflower (Helianthus annuus) (Tomas et al. 2015) genomes have 7, 11 and 10 active MT genes, respectively. From our Hevea genome sequence and collection of transcriptome data (Tang et al. 2016) , we identified four active MT genes in this tree species (Figures 1  and 2 ). The distinct patterns of tissue expression observed for the four HbMT genes (Figure 2 ) indicated apparent functional divergence among the MT gene family in Hevea, although being one of the smallest gene families among angiosperms (see below). For example, in the latex, the cytoplasm of rubber-producing laticifers, HbMT2 and HbMT2b are the major isoforms, whereas in the leaves HbMT3L takes their place, and in the flowers, HbMT2a comes on to the stage. The number of Hevea MT (HbMT) genes was unexpectedly small when considering its much larger genome size (1460 Mb) (Tang et al. 2016 ) as compared with those of Arabidopsis (125 Mb) (Kaul et al. 2000) and rice (420 Mb) (Goff et al. 2002) . To gain an overall understanding of the MT gene families in higher plants, the genome sequences of eight other angiosperm species, viz. Brachypodium distachyon, H. annuus, Manihot esculenta, Medicago truncatula, Phoenix dactylifera, Populus trichocarpa, R. communis and Solanum lycopersicum, were retrieved from Figure 5 . Regulatory cis-acting elements predicted in the HbMTs promoters responsive to hormones and various stresses. The relative positions of various cis-elements in the 1500 bp genomic sequences upstream of the translational initiation codon ATG (marked by a red bar and with the 'A' nucleotide designated +1 position) are labeled with different icons identified in the legend (annotated in detail in Table S2 available as Supplementary Data at Tree Physiology Online). ABRE, cis-acting element involved in the abscisic acid responsiveness; ARE, cis-acting regulatory element essential for the anaerobic induction; AuxRR-core, cis-acting regulatory element involved in auxin responsiveness; Box-W1, fungal elicitor responsive element; CGTCA-motif, cis-acting regulatory element involved in the MeJA responsiveness; CuRE, copper-responsive element; ERE, ethylene-responsive element; GARE-motif, gibberellin-responsive element; HSE, cis-acting element involved in heat stress responsiveness; LTRE, low-temperature-responsive element; MBS, MYB binding site involved in drought-inducibility; MRE-like, metal responsive element; P-box, gibberellin-responsive element; TC-rich repeats, cis-acting element involved in defense and stress responsiveness; TCA-element, cis-acting element involved in salicylic acid responsiveness; TGA-element, auxinresponsive element; TGACG_motif, cis-acting regulatory element involved in the MeJA responsiveness.
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the NCBI, and explored for their MT genes (Sequence file 1). The 11 angiosperms including Arabidopsis, rice and Hevea are from eight families: Asteraceae, Cruciferae, Euphorbiaceae, Leguminosae, Palmae, Poaceae, Salicaceae and Solanaceae. They average nearly 8 MTs per species, with the largest number (11) found in Populus and rice, and the least (4) in Hevea and Medicago Figure 6 . Effect of high-temperature stress on the expressions of different TF family genes in Hevea leaves. qPCR was conducted to determine the expressions of the bZIP (A), NAC (B), MYB (C), ARF (D), ERF (E) and HSF (F) family genes, in leaves in response to the high-temperature (45°C) treatment. Results are the means of three independent biological replicates ± SE. Different letters indicate a significant difference (P < 0.05) in one-way analysis of variance.
Tree Physiology Online at http://www.treephys.oxfordjournals.org (Table 3) . It is evident that the number of MTs in a given plant species is independent of its genome size, and regardless of it being a tree or grass, a dicot or monocot, a tropical or temperate species.
Metallothioneins were divided into Types 1-4 based on the arrangement of Cys residues (Cobbett and Goldsbrough 2002, Leszczyszyn et al. 2013) , or else they were designated 'other' in cases where they could not be placed in any of the four categories Figure 7 . Effect of low-temperature stress on the expressions of different TF family genes in Hevea leaves. qPCR was conducted to determine the expressions of the bZIP (A), NAC (B), MYB (C), ARF (D), ERF (E) and HSF (F) family genes, in leaves in response to low-temperature (4°C) treatment. Results are the means of three independent biological replicates ± SE. Different letters indicate a significant difference (P < 0.05) in one-way analysis of variance.
Tree Physiology Volume 38, 2018 (Table 3) . Of the 11 plant species characterized, only three (Arabidopsis, Populus and rice) have all the four MT types, contrary to an early prediction that most flowering plants might contain all four types (Cobbett and Goldsbrough 2002) . All plant species possess the Type 2 MT, which is the largest MT type in the majority of species examined (Table 3) . Interestingly, none of the three species belonging to the Euphorbiaceae family (Hevea, Manihot and Ricinus) contains Type 1 MTs. A phylogenetic tree was constructed for all 85 MT proteins of the 11 plant species examined above (see Figure S2 available as Supplementary Data at Tree Physiology Online). In most cases, the MT proteins of Types 1 and 2 could not be phylogenetically discriminated from each other, but mingled together into a number of clusters with low bootstrap values (see Figure S2 available as Supplementary Data at Tree Physiology Online). In contrast, Type 3 or 4 MT proteins were conserved across different plant species, both dicots and monocots, and were clearly grouped into their relevant cluster with much higher bootstrap values (see Figure S2 available as Supplementary Data at Tree Physiology Online). The results suggest that Types 3 and 4 MT proteins might have diverged before the monocot-dicot split and evolved slowly after speciation, whereas Types 1 and 2 MT proteins diverged after the monocot-dicot split and evolved rapidly after speciation. High sequence homology implies functional conservation. Therefore, it is interesting to determine the importance of the non-Cys residues, especially those highly conserved across different species Tree Physiology Online at http://www.treephys.oxfordjournals.org (Leszczyszyn et al. 2013) , in the functioning of Types 3 and 4 MT proteins.
HbMTs are implicated in latex regeneration and species adaptation as ROS scavengers
Hevea trees are tapped for latex, which is essentially the cytoplasm of laticifers, with rubber making up about 30% of its volume. Tapping is carried out every 2-3 days, and latex can be harvested from the trees for more than 30 years after maturity of the tree. The capability of latex regeneration between two tappings is a limiting factor for the sustainable production of a Hevea tree (D'Auzac et al. 1997) . The mechanisms underlying the regulation of latex regeneration are not fully understood although extensive studies have been conducted in this area for more than 50 years (D'Auzac et al. 1997 , Zhu and Zhang 2009 , 2016 , Liu 2016 , Sreelatha et al. 2016 . Increasing evidence points to an involvement of ROS metabolism in latex regeneration, essentially a response of Hevea tree to harvesting stress (Zhang et al. 2016) . The harvesting stress as well as the process of latex regeneration between two tappings unavoidly renders the production of ROS that is generally regarded as harmful to the functioning of laticifers (Zhang et al. 2016) .
In regularly tapped healthy Hevea trees, an efficient ROSscavenging system involving ROS-scavenging enzymes and antioxidants that are mainly thiols, ascorbate and γ-tocotrienol regulates the ROS to a tolerable level in laticifers (Zhang et al. 2016 ). Similar to their animal counterparts, plant MTs are also effective ROS scavengers, as verified for a rice MT (OsMT2b) (Wong et al. 2004 ) and a cotton MT (GhMT3a) (Xue et al. 2009) , and more recently for a recombinant HbMT2 protein (Zhu et al. 2010) . In this study, of the four HbMTs overexpressed in E. coli, only HbMT2 endowed bacterial cells with obvious tolerance to H 2 O 2 and heavy metals (Figure 8 ). The expressions of HbMT2 in latex are strikingly up-regulated by the treatments of ethephon and H 2 O 2 (Zhu et al. 2010 ), but in our study, its expression was not markedly influenced by the ethephon treatment ( Figure 3C ). Such a discrepancy is most probably due to differences between the Hevea trees exploited by the two groups, i.e., regularly tapped trees (this study) and previously untapped trees used by Zhu et al. (2010) . However, HbMT2b, another major HbMT isoform in the latex ( Figure 2B ), was found to be markedly depressed by ethephon treatment ( Figure 3C ). In the latex, the decreased expression of HbMT2b might facilitate ROS production by ethylene treatment (Chrestin 1989, Xiao and Cai 2003) from two inclusive ways, viz. a lowered ROS-scavenging ability and a lowered Cu 2+ -chelating ability. Cu 2+ is a known activator of NAD(P)H oxidase, the main ROS producer in latex (Chrestin 1989) . The depression of HbMT2b expressions by tapping and wounding ( Figure 3A and B) might have resulted from the wound ethylene produced by both treatments (D'Auzac et al. 1997) . Since HbMT2b activity is significantly reduced by tapping, wounding or ethephon treatments, this ROS scavenger can no longer protect the tree adequately from the stress imposed by latex loss and wounding. Thus, the decline in HbMT2b renders the tree potentially more susceptible to harmful ROS effects. This might also explain the development of tapping panel dryness, a physiological disorder that can cause great loss or complete stopping of latex flow, due to over-tapping and/or over-ethephon/ethylene stimulation (Chrestin 1989 , Putranto et al. 2015 . The expressions of HbMT2 and HbMT3L, two leaf-abundant HbMT isoforms, were significantly regulated by both fungal pathogen infection and temperature stresses (Figure 4 ). Both high-and low-temperature stresses enhance ROS accumulation in plant cells (Suzuki and Mittler 2006) . A stimulating effect by high temperature but a depressing effect by low temperature on the expressions of HbMTs prompted us to speculate that HbMTs might play a role in the enviromental adaptation of Hevea, allowing this tree to endure high-temperature stress but not lowtemperature environments (Priyadarshan et al. 2005 ).
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